Abstract
Introduction
Early postnatal growth of mammalian heart is accompanied by marked changes in excitation-contraction coupling 2q Ž w x. and Ca handling reviewed in 1 , supported by important modifications in gene expression of major Ca 2q transw x port systems 2-5 . In particular, the sarcoplasmic reticu-Ž . lum SR progressively assumes a predominant role in the Ca 2q transient that is responsible for activation of contractile proteins. Ca 2q release from SR occurs through ryanodine-sensitive channels and is driven by a local increase of the Ca 2q concentration, which results predominantly from Ca 2q entry through the dihydropyridine-sensitive voltage-dependent Ca 2q channels of the sarcolemma. During maturation of ventricular tissue, most dihydropyridine receptors appear to concentrate into specialized areas of the sarcolemma that are physically associated with SR w x structures containing the ryanodine receptors 6-8 . This junctional localization favors the process of Ca SR release channels 6,9 . Refilling of the SR Ca stores is ensured by the SERCA2 ATPase, which is up-regulated during postnatal maturation, while the sarcolemmal Na q -Ca 2q exchanger is down-regulated in a reciprocal manner w x 10 .
Thyroid hormone modulates postnatal changes of cardiac excitation-contraction coupling at the level of contracw x tile function and calcium handling 11 . In particular, hypothyroidism induced after birth resulted in decreased calcium uptake by the sarcoplasmic reticulum and increased sensitivity to the negative inotropic effect of verapamil, suggesting that hypothyroid heart remains more dependent on trans-sarcolemmal Ca fluxes than agematched euthyroid heart. We have observed recently that, in ventricular tissue from rats made hypothyroid after birth, concurrently with impaired development of SR Ca 2q transport systems, a large proportion of dihydropyridine receptors remain associated with peripheral, nonjunctional sarcolemma at the age of 21 days, whereas they are mostly concentrated in junctional structures in control animals w x 12 . It is widely accepted that thyroid hormone acts predominantly at the level of gene transcription. Thyroid hormone directly controls in this manner the perinatal maturation of cardiac myosin isoform expression in rodent Ž w x. heart reviewed in 13 and modulates, perhaps indirectly, the postnatal changes in isoform expression of some other w x cardiac proteins, e.g. a-actin and troponin I 14 , and,w x possibly, Na ,K -ATPase 12,15,16 . Two splicing events at the level of motif IV of the a1 subunit of the dihydropyridine receptor coded by the CaCh2 gene have been previously characterized and shown to be regulated during w x myocardial development 17,18 : a mutually exclusive alternative splicing event at the level of the third membrane-spanning segment, IVS3, leading to either IVS3A or IVS3B, and a 33-nucleotide deletion in the extracellular loop between IVS3 and IVS4. As the junctional localization of the dihydropyridine receptor might be favoured by a particular primary structure of the a1 subunit, we decided to investigate in parallel the influence of thyroid status on these splicing processes and on the subsarcolemmal localization of the dihydropyridine receptor. We found that hypothyroidism impaired the early postnatal maturation of dihydropyridine receptors, not only by delaying the association of these receptors with junctional structures, but also by slowing down the decrease in the relative expression of a1-subunit mRNA variants typical of foetal heart.
Methods

Animal model
Ž
. Newborn male Wistar rats SPF strain were made w x either hyper-or hypothyroid as reported previously 11 . Hyperthyroidism was induced by subcutaneous injections of T3, at a dose of 10 mg per 100 g body weight, on days 2-14 postpartum. Hypothyroidism was induced by the inclusion of 0.05% PTU in the drinking water supplied to Ž . mothers for the same period of time. Control euthyroid pups received no treatment. On days 1, 7 and 14, the animals were decapitated, and the hearts were dissected free of atrial tissue and large blood vessels. Ž . The microsomal fraction 110 000 g , 35 min was av w x obtained essentially as reported previously 6 , after remov-Ž . ing the nuclear 1000 g , 10 min and mitochondrial av Ž . 10 000 g , 20 min fractions. After resuspension in av buffered sucrose, the microsomal fraction was subfractionw x ated by isopycnic centrifugation in sucrose gradient 12 . Thirteen subfractions were collected from the gradient and their density was determined from their sucrose concentration, measured by refractometry.
Binding assays
w 3 xŽ . w 3 x Specific bindings of H q -PN200-110, H ryanow 3 x dine and H ouabain were measured as reported previw x w 3 xŽ . ously 12 . H y -CGP-12177 binding was determined w x as described 12 , except that binding to b - At the end of incubation, membranes were trapped by vacuum filtration onto Whatman GFrF filters, which were Ž then washed twice with 10 ml of chilled buffer 50 mM . Tris-HCl, pH 7.5 and counted by liquid scintillation spectrometry.
Presentation of results of isopycnic centrifugation
Total and nonspecific bindings were determined in triplicate at a single concentration of radioligand, in each of the 13 subfractions, as well as in the total microsomal fraction that was loaded on the gradient. 
Oligonucleotides used as primers in PCR
To analyze mRNA variants in relation with the fourth motif of the a1 subunit of the dihydropyridine receptor, the cDNA region encoding the major portion of motif IV was amplified by PCR, using as forward primer an oligo-Ž . nucleotide TGCCTCTTCAAAATCGCCATGAATA corresponding to part of the linker sequence between IVS1 Ž and IVS2 nucleotides 16-40 in exon U1 of Diebold et al. w x. Ž 17 , and as reverse primer an oligonucleotide AACAC-. CTGCATCCCGATCACAGC corresponding to part of w x the IVS5 transmembrane segment 18 . Purified oligonucleotides were obtained from Pharmacia Biotech. For quantitative analysis of the PCR products, the reverse primer was 5 X end-labelled with 32 P using T4 polynu-
w 32 x Ž cleotide kinase Life Technologies and g-P -ATP 5000 . Cirmmol . The labelled oligonucleotide was purified by G50-Sephadex chromatography.
PCR
Ž . The amplification reaction mixture 100 ml contained 4 ml of the first strand cDNA mixture, 40 nmol of deoxynucleoside triphosphates, 0.2 mg of each primer, 2.5 U of Ž . Taq DNA polymerase AmpliTaq, Cetus and 10 ml of Ž 10 = buffer 100 mM Tris-HCl, pH 8.3, 500 mM KCl, 15 . mM MgCl , 0.1% gelatin . Before adding DNA poly-2 merase, separation of first strand cDNA from mRNA was first achieved by heating at 948C for 10 min and then chilling on ice. The total reaction mixture, overlaid with mineral oil, was then submitted to 25 PCR cycles, each cycle comprising 1 min denaturation at 948C, 2 min of annealing at 558C and 3 min extension at 728C. With the selected number of cycles, amplification of the PCR prod-Ž . ucts was still in the exponential phase data not shown .
Analysis of PCR products
We used a previously described strategy, based on the Ž w x. use of restriction endonucleases e.g. 23 , to quantify the cDNA variants corresponding to motif IV in the PCR Ž . amplification products see Introduction . According to w x sequencing data 17,18 , NsiI was expected to act on IVS3B, but not on IVS3A, which did not contain its restriction site, while PÕuII was expected to act selectively on undeleted variants, since its only restriction site was associated with the 33-bp sequence that was absent in Ž . deleted variants. Samples from PCR 8 ml were digested Ž for 2 h at 378C with either NsiI or PÕuII 1 ml, 10 U; Life . Technologies in the appropriate buffer supplied by the Ž . manufacturer 1 ml of 10= buffer and then analyzed on 2% agarose gels in the presence of ethidium bromide. The size of the DNA fragments was estimated by reference to standard bands of 100-1500 bp. Dried gels were autoradiographed on Kodak XAR film and bands were quantified using a camera coupled to an image analysis program Ž . Image 1.37, NIH, Bethesda .
Statistical analysis
The effect of age or thyroid status was assessed by variance analysis; whenever significant effects were dis-Ž . closed P -0.05 , differences between groups were assessed by the Dunnett t-test. In equilibrium binding studies, parameters were estimated by a non-linear curve fitting Ž w x. program Ligand 24 .
Results
Heart weight and plasma leÕel of thyroid hormones
As shown in Table 1 , treatment of rats with PTU significantly reduced heart weight and the ratio heart to body weight at postnatal days 7 and 14, whereas treatment with T3 had the opposite effect. The levels of circulating thyroid hormones increased markedly with age in control rats. Treatment with PTU induced a reduction of T4 at days 7 and 14. Administration of T3 markedly increased its plasma level at days 7 and 14, but did not affect T4 level at day 7 and even reduced this level at day 14 in comparison with controls.
Binding parameters in total particulate fractions
The amount of protein per g of ventricular tissue in-Ž . creased with age in total particulate fractions n s 4 from control animals, from 64.4 " 1.9 on day 1, to 85.2 " 2.2 on day 7, and 101.5 " 2.9 mgrg on day 14. The protein Ž . content mgrg tissue was not appreciably influenced by Ž the thyroid status PTU, day 7: 86.9 " 4.1, day 14: 96.0 " . 2.6; T3, day 7: 80.5 " 2.5, day 14: 108.2 " 3.4 .
Saturation experiments were carried out to characterize equilibrium binding parameters, that is dissociation con-Ž . Fig. 1, B values in max control hearts, expressed in pmol per g tissue, were multiplied by a factor of about 3 between day 1 and day 14; the 
Density distribution of binding sites in microsomal fractions
To investigate the influence of age and thyroid hormones on the subsarcolemmal distribution of dihydro- pyridine receptors, we used microsomal fractions, in which those receptors were purified 2.5-to 4-fold with respect to total particulate fractions. Microsomal fractions contained 25-45% of the various binding sites and 7-16% of the protein found in total particulate fractions; percentage yields of protein and binding sites in microsomal fractions increased somewhat with age, whichever the thyroid status. Two microsomal fractions from each group, each of which had been prepared from 9 to 50 hearts, were subfractionated by density equilibration in sucrose gradient. As shown in Figs. 2 and 3, distribution patterns obtained in Ž . duplicate gradient experiments vertical bars coincided fairly well. The amounts of binding sites recovered in gradient subfractions, expressed in percentage of amount in the microsomal fraction layered on the gradient, were Ž .w 3 xŽ . mean " s.e.m., 14 expts. : H q -PN200-110, 95.4 " w 3 x w 3 x 2.1; H ryanodine, 107.3 " 1.7; H prazosin, 101.7 " 2.7. density gradient centrifugation of microsomal fractions from control rats, at postnatal day 1, 7 and 14. As expected from B data measured in total particulate fractions, the max total area of histograms increased markedly from day 1 to w 3 x day 14. The distribution pattern of H prazosin binding Ž . Fig. 2A was characterized by an asymmetrical shape which did not change appreciably with age, with a mode remaining at 1.12-1.13, and a tail extending towards high Ž densities. Not shown, the distribution pattern of w 3 x H ouabain binding was always superimposable to that of w 3 x . w 3 x Ž H prazosin binding. The H ryanodine distribution Fig. . 2C remained symmetrical from day 1 to day 14, with a w 3 x mode at high densities; as H ryanodine binding increased more markedly with age at densities higher than 1.17, the mode shifted from about 1.17 at day 1 to 1.19 at day 14. In w 3 xŽ . contrast with the other distributions, that of H q -Ž . PN200-110 binding Fig. 2B changed markedly in shape from day 1 to day 14. At day 1, the histogram was rather symmetrical, with a mode at 1.14-1.15. Already at day 7, w 3 xŽ . but more obviously at day 14, the number of H q -PN200-110 binding sites increased predominantly in high density subfractions; as a result, the distribution at day 14 became highly asymmetrical, with a prominent peak at w 3 x 1.18, close to that of H ryanodine binding, and a marked Ž . shoulder at low densities 1.10-1.15 , where the peak of w 3 x H prazosin binding was also found. In Fig. 3 are shown distributions obtained with microsomal fractions from hypo-and hyperthyroid rats at day 14, Ž which are compared to those from control rats. Data from 7-day old rats are not illustrated, differences between . groups being less pronounced than at day 14. The thyroid status had little influence on the distribution pattern of w 3 x Ž . H prazosin binding Fig. 3A . Hypothyroidism reduced w 3 xŽ . Ž . the number of H q -PN200-110 Fig. 3B and w 3 x Ž . H ryanodine Fig. 3C binding sites recovered at high densities, while hyperthyroidism had opposite effects. As a w 3 xŽ . consequence, the proportion of H q -PN200-110 bind-Ž . ing recovered at low densities -1.15 was two-fold higher in hypothyroid rats compared to hyperthyroid rats ŽPercentages recovered at densities less than 1.15 in the two gradient experiments: control: 32.3 and 29.9; hypothy-. roid: 46.6 and 45.1; hyperthyroid: 23.7 and 21.7 .
Isoform expression of the dihydropyridine receptor
We analyzed the influence of age and thyroid status on two splicing events in relation with the fourth motif of the a1 subunit of the dihydropyridine receptor, which had previously been shown to be subjected to developmental w x regulation 17,18 : a mutually exclusive alternative splicing event at the level of IVS3, leading to either IVS3A or IVS3B, and a 33-nucleotide deletion in the extracellular Ž . loop between IVS3 and IVS4. Amplified RT-PCR cDNA fragments corresponding to a large portion of motif IV were treated with restriction endonucleases, either NsiI, which acted only on IVS3B, or PÕuII, which did not Ž . cleave the deleted variant see Methods . As illustrated in Ž . Fig. 4 , amplified cDNA fragments ND: 413 bp were extensively cleaved by both restriction enzymes, yielding Ž mainly one kind of shorter labelled fragments NsiI: 299 . bp; PÕuII: 229 bp , derived from IVS3B and the undeleted variant, respectively. The amounts of IVS3A and deleted variant were estimated by subtracting the amounts of, respectively, IVS3B and undeleted variant from the corre-Ž . sponding initial amounts of nondigested cDNA ND , and their proportions are listed in Table 3 . This subtraction method was found to be more reliable than the direct measurement of IVS3A and deleted variants since the optical density at the level of undigested 413-bp PCR product following incubation with restriction enzyme was often low and less suitable for quantitation. Both IVS3A and deleted variant decreased with postnatal age in control hearts, becoming undetectable by day 14. In samples from PTU-treated rats, the proportions of IVS3A variant were significantly higher at days 7 and 14 than in age-matched controls, while the proportion of deleted variant was higher only at day 7. On day 7, the percentage of IVS3A in Ž . PTU-treated rats 31.8 " 4.8 was even higher than at day Table 3 Frequencies of IVS3A and deleted cDNA variants corresponding to the a1 subunit of the dihydropyridine receptor, expressed in percent of total variants 
Ž
. 1 in control 15.4 " 2.8 . No difference was observed between T3-treated rats and age-matched controls.
Discussion
After subfractionation of microsomal fractions from rat ventricle by density gradient centrifugation, ryanodine re-Ž 2q . ceptors SR Ca -release channels are recovered in highdensity gradient subfractions and their distribution pattern is clearly different from that of the thapsigargin-sensitive 2q w x Ca -ATPase, a marker of longitudinal SR 12 . In adult ventricular tissue, most ryanodine receptors are associated with junctional SR, though a significant part is present in the 'corbular' SR, which is not physically connected to w x T-tubules or peripheral sarcolemma 26 . These two vari-Ž . eties of SR entities junctional and corbular cannot be distinguished in our gradient experiments, which consistently show unimodal density distribution patterns of ryanodine receptors in adult and neonatal ventricular tissue w x 6,12 . In adult ventricular tissue, the majority of dihydro-Ž 2q pyridine receptors dihydropyridine-sensitive L-type Ca w x. channels, mostly associated with cardiomyocytes 27 , is also recovered in high-density subfractions, together with w x ryanodine receptors 6,28 . Immunofluorescence labelling w x studies on tissue sections from adult rabbit ventricle 7 have shown that the staining patterns of the dihydropyridine and ryanodine receptors overlap completely, suggesting that, in that tissue, most dihydropyridine receptors are closely associated with ryanodine receptors at or near dyadic couplings that are formed where the SR is apposed Ž . to the surface membrane or its infoldings T-tubules .
From day 1 to day 14 after birth, the number of dihydropyridine receptors per g of rat ventricular tissue increased markedly, and their distribution pattern after equilibration in sucrose gradient changed strikingly, a progressively larger proportion of these receptors being recovered in high-density subfractions. This behaviour of dihydropyridine receptors differed from that of other plasma membrane constituents, as exemplified here by a -adren-1 ergic receptors, which, though increasing also in number per g tissue, remained largely in the low-density subfracw x tions. As discussed previously 6,12 , and in line with the w x immunofluorescence labelling data 7 , the postnatal change in the density distribution of dihydropyridine receptors may be taken as reflecting an increase in the proportion of these receptors associated with the specialized sarcolemmal domains that are physically connected to junctional SR elements containing ryanodine receptors. On the other hand, the persistence of a -adrenergic receptors in low-1 density subfractions indicates that they remain mostly associated with nonjunctional plasma membrane domains, a w x behaviour shared by b-adrenergic 12 and muscarinic w x receptors 6 , as well as by the various isoforms ofw x Na ,K -ATPase 29 .
The 3-fold increase in the number of dihydropyridine receptors per g tissue from day 1 to day 14 is in fair w x agreement with binding data reported previously 30,31 . Since the myocyte surface-to-volume ratio remains similar w x despite the postnatal increase in cell volume 32 , it may be concluded that the average number of dihydropyridine receptors per unit surface area of sarcolemmal membrane Ž . including nascent T-tubules should also increase by a factor of about 3 from day 1 to day 14. However, over the Ž .
2q
Ž . same period, the L-type Ca current density pArpF has been reported to vary little in rat ventricular cells w x 33,34 . This paradox might be resolved if the developmental increase in Ca 2q channel number is offset by a concomitant decrease in Ca 2q influx through individual channels. This decrease might result from subtle changes in channel structure, at the level of the a1 subunit or of an associated subunit, but this is not supported by the availw x able single-channel current data 33 . Alternatively, the postulated decrease in Ca 2q influx through individual channels might be due, at least partly, to a more pro2q w x nounced Ca -dependent channel inactivation 34,35 , brought about by the progressive concentration of L-type channels and SR Ca 2q release channels in junctional structures and by the development of a functional SR.
Postnatal maturation of myocardial tissue is greatly influenced by thyroid hormone, the level of which inw x creases markedly after birth 36 . Treatment with PTU, which was started on postnatal day 2, did not abolish, but rather slowed down the increase in plasma concentrations of T3 and T4: in PTU-treated rats, these concentrations were similar at day 14 to those measured at day 7 in control animals. Interestingly, heart weights, numbers of ryanodine receptors per g tissue and density gradient distribution patterns of dihydropyridine and ryanodine receptors were also similar in PTUrday 14 and controlrday 7 rats. However, PTUrday 14 rats possessed higher numbers of numbers per g tissue, as well as the evolution of the subsarcolemmal localization of dihydropyridine receptors towards an adult pattern. These effects of T3 administration had not been detected previously at postnatal day 21 w x 12 , probably because normal levels of thyroid hormone were sufficient to ensure optimal maturation of cardiac excitation-contraction coupling at that age.
In agreement with our interpretation of the influence of thyroid status on the distribution pattern in density gradient of dihydropyridine receptors, electron microscopic examiw x nation by Jarkovska et al. 37 revealed that, in ventricular myocytes from PTU-treated rats, T-tubules were extremely rare at day 14 and the SR profiles were sparse and formed couplings largely with the peripheral sarcolemma; in contrast, treatment with T3 resulted in an acceleration of the development of SR and T-tubules, which displayed large junctional areas. It may be concluded, therefore, that postnatal hypothyroidism delays the structural maturation of Ca 2q handling systems, as shown by both electron microscopy and cell fractionation analysis, and that these alterations in hypothyroid ventricles are consistent with a more pronounced dependence of contractile activity on w x trans-sarcolemmal Ca fluxes 11 . The opposite alterations induced by postnatal hyperthyroidism are in line with the view that thyroid hormone accelerates the maturation of myocardial excitation-contraction coupling towards an increased dependence of contractile activity on trans-SR Ca fluxes.
The increase in myocardial levels of dihydropyridine and ryanodine receptors that occurs after birth is induced by a corresponding upregulation of the expression of their w x genes 3,5 , which is probably controlled, or modulated, by w x thyroid hormone 38 . In view of the previous reports indicating that two splicing events at the level of the fourth motif of the a1 subunit of the dihydropyridine receptor w x were subjected to developmental regulation 17,18 , we analyzed the influence of thyroid status on these processes, to search for a possible correlation between isoform expression and subsarcolemmal localization. In fair agreement with results obtained previously by different methods w x 17,18 , the proportion of mRNA variants typical of foetal Ž . heart IVS3A, deleted variant was found to be rather low in newborn heart and to decrease further with postnatal age. Treatment with PTU slowed down this postnatal reduction of 'foetal' mRNA variants. The proportions of these variants were similar in PTUrday 14 and controlrday 7 rats, as were the density gradient distributions patterns of dihydropyridine and ryanodine receptors. The percentage of IVS3A in PTU-treated rats on day 7 was higher than at day 1 in control, suggesting a transient return to a foetal pattern of isoform expression. A similar phenomenon has w x been recently reported by Gidh-Jain et al. 39 in noninfarcted hypertrophied ventricular myocardium 21 days post myocardial infarction. In conclusion, our results are largely consistent with the hypothesis that the junctional localization of the cardiac dihydropyridine receptor is favoured by a particular primary structure of the a1 subunit, that is the presence of the IVS3B sequence andror the absence of deletion of a 11-aminoacid sequence in the extracellular loop between IVS3 and IVS4. However, relative levels of protein isoforms are not always strictly correlated with those of the corresponding mRNA variants, and further studies are thus needed to address this question in a more direct manner. 
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